This paper presents a simulation modeling framework for evaluating the performance of large-scale crowded pedestrian facilities during emergency evacuation. The framework adopts a microsimulation assignment approach implemented in a cellular automata platform. It captures the different behavioral rules that govern the dynamics of evacuees' decisions, including exit gate choice, path choice, frequency of path updating, and the evacuees' tolerance of congestion. The framework is first used to investigate the sensitivity of evacuation performance to the behavioral rules that were introduced. Next, it is used to evaluate evacuation performance in a large pedestrian facility, with a capacity of about 50,000 pedestrians, that frequently operates at extreme congestion levels. Several experiments are designed to investigate the impact of different model parameters on evacuation performance. The results illustrate the impact that the evacuees' behavior can have on the performance of the evacuation process. In particular, overall performance of the evacuation process can be improved if evacuees are trained to make a better choice of gate, so that they weigh both the proximity of a gate and the level of congestion around that gate. Furthermore, when evacuees have the opportunity to learn about better exit opportunities, either on their own or through a guidance system, they can frequently update their exit decisions and the overall evacuation performance improves. In addition, the evacuation throughput generally improves as evacuees become less tolerant of congestion.
Most of these accidents occur as pedestrians try to evacuate the facility in panic mode. Thus, increasing attention has been given to planning for the evacuation of these facilities by considering of all possible emergencies. The objective is to minimize the period required to evacuate a facility while ensuring the safety of all pedestrians.
Evaluation of the effectiveness of an evacuation plan in large facilities through actual field testing would be a challenging task because of the complexity of the logistics and high cost required to enact realistic scenarios that involve large numbers of pedestrians. Nonetheless, pedestrian modeling techniques, including microsimulation, have emerged as a valid alternative. Considerable research in the area of pedestrian modeling and crowd dynamics has been reported in the literature. For example, Okazaki was among the first to present a microsimulation model for pedestrian movement (1) . The model adopts the concept of magnetic force to emulate how pedestrians avoid obstacles during their movements. Gipps and Marksjo present an approach in which the movement of pedestrians to a target location is modeled as a function of the trade-off between the cost and the benefit associated with each potential movement (2) . A social force model that builds on the ideas of kinetic theories of traffic flow was developed by Helbing and Molnar (3). Blue and Adler introduced the cellular automata (CA) technique to represent pedestrian movements (4) . The area is divided into regular cells such that each cell can be occupied by one person at a time. Still developed a model (the Legion model) that simulates the crowd as an emergent phenomenon using simulated annealing and mobile CA (5) . That model is based on the interaction of four parameters: objective, motility, constraint, and assimilation. Abdelghany et al. extended the CA approach through implementing a simulation-assignment framework that allows each individual to choose and update her or his path in the facility as a function of the evolving congestion (6) . Examples of the use of pedestrian microsimulation in evaluating pedestrian evacuation can be found in the work of Watts (7), Lovas (8) , Thompson and Marchant (9) , Helbing et al. (10) , Santos and Aguirre (11) , and Parisi and Dorso (12) . These studies vary by the size of the modeled facilities and their geometric complexity, as well as the modeling approach used and the assumptions that capture pedestrian behavior. These studies also vary in how realistically they represent the evacuation scenarios modeled.
Achieving a realistic representation of an evacuation scenario requires a modeling framework that captures the different behavioral rules that govern the dynamics of pedestrian movements. These rules describe how each pedestrian chooses, for example, her or his exit gate, the path to this gate, and the walking speed along the chosen path. The rules should also be able to capture the frequency of updating of all these decisions as a function of the evolving congestion in the facility. Finally, the framework should also be able to capture behavioral rules specific to congested scenarios, including extreme conditions. These rules should reflect how pedestrians may differ in their perceptions and tolerance of congestion and their inclination to move into congested spots. In addition, the framework should be able to represent the geometrics of the modeled facility at a reasonable level of detail. Walkways, gates, and obstacles should be represented. Unfortunately, the lack of real-world data prevents the calibration of the behavioral component of pedestrian microsimulation models to reflect the range of situations that might be encountered. Furthermore, extreme conditions may give rise to previously unobserved or rarely observed behaviors. To overcome this shortcoming, effort is devoted to providing these models with graphical animation capabilities that display the congestion pattern of the modeled evacuation scenario as an aid to engineering judgment that will be essential in these situations. Taking into consideration other descriptive measures produced by the model, a sensitivity analysis could then be performed to gain insight into the range of possible outcomes and determine the model parameters that best replicate existing observations and produce the most plausible congestion patterns and system performance for the modeled scenarios.
This paper presents a microsimulation model to evaluate the evacuation of large-scale congested pedestrian facilities with multiple exits. The proposed model extends the pedestrian simulation model presented by Abdelghany et al. (6) . The model adopts a simulation assignment framework, which is implemented on top of a discrete CA system. The model incorporates a behavioral component that captures the pedestrians' behavioral rules mentioned above. The model is supported by an animation interface that displays the movement of each pedestrian in the facility over time. The model is applied to evaluate the evacuation of the new Masa'a in Al-Haram Al-Sharif Mosque in Makkah (Mecca), Saudi Arabia. The Masa'a is a multistory facility that is visited by each pilgrim as part of the pilgrimage rituals. Approximately 50,000 pedestrians could be walking on each floor of the facility during the peak period, generating considerable interaction at very high densities. Emergency evacuation of such a facility poses additional challenges because of ongoing crowd activities immediately outside the facility in question that interfere with the exiting flows and reduce the flow rates at exit points. This paper is organized as follows. The next section presents an overall description of the microsimulation model. A detailed description of the behavioral component of the model is then presented. The results of several simulation experiments conducted to study the sensitivity of the model to the different behavioral rules are then presented for the Masa'a case application. Finally, conclusions and extensions considered for this research work are presented. Figure 1 presents the overall framework of the simulation model. It consists of four main components: area configuration, demand loading, pedestrian behavior and assignment, and simulation. The area configuration component defines the area in which pedestrians can move and the location of the exit gates and any physical obstacles. By using the CA approach, the facility area is divided into a uniform lattice of square cells, as shown in Figures 2 and 3 . The size of each cell is defined such that only one pedestrian can occupy the cell at a time. Next, for each cell, the set of adjacent cells is identified. Two cells are defined to be adjacent if they share any length of their perimeters. The demand-loading component manages the distribution of the demand into the area. For evacuation scenarios, the demand is loaded onto the given space such that each pedestrian is defined by a starting location from which she or he starts the evacuation. Each pedestrian is also defined by a vector of parameters that indicate her or his main characteristics, which determine key aspects of that pedestrian's behavior. The user behavioral and assignment component provides the specific mechanisms that govern the dynamics of individual pedestrian movement in the area, including interaction with other pedestrians and with the physical and operational environments. As such, it determines the overall properties of the system and performance under different loads and scenarios. It implements the logic required to represent pedestrians' destination (exit gate) choice, movement direction choice, speed, and congestion perception attitude (willingness to move in congested parts in the facility).
OVERALL MODELING FRAMEWORK
When an evacuation event is invoked, a pedestrian decides on her or his exit gate and accordingly determines a movement direction to reach that gate. The model allows evacuees to update their decisions continuously on the basis of their observation of the surrounding congestion levels and response to control measures, such as information dissemination. Specific details of the behavioral component are given in the next section. Finally, the simulation component captures the overall congestion that arises as a function of the individual pedestrian decisions while the pedestrian is moving in the area. It tracks the movements of pedestrians until they exit the facility. On the basis of the pedestrian's maximum speed, the number of steps that a pedestrian can take in one simulation interval is first determined. A step is a movement from a cell to the next adjacent cell along the desired moving direction. A pedestrian can move to the next cell only if that cell is not occupied by another pedestrian and the congestion aversion condition for the pedestrian is satisfied. If the pedestrian fails to move into that cell, movement into another adjacent cell along the pedestrian's desired moving direction is attempted by use of a probabilistic rule (uniform distribution). The location of each pedestrian is consequently updated. If none of the adjacent cells permits the movement of the pedestrian, the pedestrian is held in her or his current cell. The process continues and the pedestrians continue to move toward their exit gates. Once the pedestrian reaches the exit gate, she or he exits the system and is no longer tracked.
DESCRIPTION OF BEHAVIOR COMPONENT
This section describes the three main aspects of pedestrian behavior in evacuation situations: choice of exit gate, frequency of update of exit gate, and congestion perception and tolerance. 
Choice of Exit Gate
In the case of multiexit facilities, a critical decision of evacuees is to select the exit gate that promises safe and quick evacuation. Two main variables are assumed to influence the evacuee's choice of an exit gate: the distance from the evacuee's current position to the exit gate and the level of perceived congestion at that gate. The level of congestion is measured in terms of the pedestrian density in the surrounding area of the exit gate. This density is defined as the proportion of occupied cells in a predefined neighborhood surrounding the gate. The model allows the evacuee's gate choice to be represented by two different approaches. The first approach is a deterministic one in which each evacuee is assumed to select the closest exit gate at which the level of congestion is below a predefined threshold.
In the second approach, a probabilistic approach is implemented. The discrete choice model, which models how people are selecting among different discrete alternatives, is used for this purpose (13, 14) . Discrete choice models have played an important role in transportation modeling for the last 25 years. Namely, they are used to provide a detailed representation of the complex aspects of transportation demand on the basis of strong theoretical justifications (14) . In this approach, it is assumed that each evacuee chooses the exit gate (alternative) that maximizes the respective utility. This utility is assumed to be a function of (a) Given this utility function and under the assumption that the random component is identically and independently Gumbel distributed, the probability that an exit gate will be selected is given by the well-known multinomial logit expression in Equation 2 (13) .
where p i j is the probability that evacuee i will select exit cell j.
Frequency of Exit Gate Updating
As an emergency event occurs, evacuees are expected to decide instantaneously to move toward an exit gate, as described above. With consideration of the dynamics of the congestion pattern in the facility, a better exit opportunity at another gate could appear as an evacuee moves toward her or his initially chosen gate. Two behavior scenarios could be assumed. First, the evacuee is not aware of the new exit opportunity and continues toward the initially chosen gate. This scenario is assumed to represent panicked evacuees who would fail to reconsider their decisions. Second, the evacuee is aware of the new exit opportunity, and hence, she or he could update her or his moving path toward the new gate. For example, as illustrated in Figure 2 , the evacuee at cell m might initially decide to evacuate the facility through Exit Gate B. However, after moving along the direction toward this exit gate and as she or he reaches cell n, the evacuee might realize that Gate B will eventually be congested. Thus, she or he might decide to reassess his or her current options for exit gates from his or her current position. On the basis of the current surrounding condition, this evacuee might decide to change the exit gate and evacuate through Exit Gate A. The frequency with which an evacuee scans the facility seeking a better exit opportunity is expected to vary across the evacuee population. The model allows evaluation of an evacuation scenario that considers the evacuees' decision update behaviors. Two parameters are defined for each evacuee: (a) the evacuee's ability to scan the facility in the search for a better exit opportunity and (b) the frequency with which the evacuee performs this scan. If an evacuee decides to change her or his exit gate, a new path toward this gate is determined for the evacuee and the evacuee is simulated as she or he moves along this path. In the limit, the first case (no update) can be viewed as a special case of the second case with an infinite interupdate time.
Congestion Perception and Aversion
The behavioral component of the model represents the evacuees' attitude toward congestion. An evacuee is assumed to move to the next cell along her or his path only if (a) the cell is empty and (b) the density in its neighborhood is less than a predefined threshold. This density is defined as the proportion of occupied cells in a predefined surrounding neighborhood of the target cell. The density threshold reflects the pedestrian's tolerance of congestion (congestion perception factor). A higher threshold for an evacuee indicates that she or he has low congestion aversion and is willing to move into congested neighborhoods. Evacuees with higher thresholds are congestion seekers who have no fear to push their way through the crowds. A low threshold corresponds to evacuees who prefer avoiding congestion and move to the next available cell only if the density in its neighborhood is low. As such, this aspect of evacuee behavior is a reflection of aggressiveness in moving toward the desired destination (the exit cell, in this case). Figure 3 shows an example of the cell choice of a congestion-averse evacuee. The evacuee in cell m has two possible adjacent cells, cell x and cell y, in the direction of his or her exit cell at Gate B. The density in the area surrounding cell x is higher than the evacuee's threshold. Thus, a congestion-averse evacuee would select cell y as she or he moves along the path to the exit gate.
In an evacuation scenario, the majority of the evacuees would be expected to be congestion seekers, as more evacuees do not mind suffering congestion to exit the facility. The model randomly assigns each evacuee a parameter to indicate his or her congestion aversion threshold (according to a user-specified distribution). The model allows this threshold to change as the evacuee moves along her or his route to the exit gate. For example, one might surmise that pedestrians tend to behave as congestion seekers as they get closer to their target destinations. Thus, the model would allow the value of the threshold to increase as the distance to the exit cell decreases.
MODEL APPLICATION: THE MASA'A FACILITY
The simulation model is applied to test the evacuation of the first floor of the Masa'a facility in Al-Haram al-Sharif Mosque in Makkah, Saudi Arabia. As shown in Figure 4 , the Masa'a is a walkway corridor that is visited as part of the rituals performed during the Muslim pilgrimages in Makkah. The corridor connects two small mountains known as Al-Safa (south side) and Al-Marwa (north side). Each pilgrim must walk between Al-Safa and Al-Marwa seven times in a ritual known as Al-Sa'iy. The new Masa'a consists of three main levels, in addition to the basement and the roof. The overall length of Al-Masa'a is about 394 m, and it has a total width of 33 m. The width of the Masa'a is divided equally between the two walking directions. On some floors, each direction includes a small lane with a separate right-of-way for mobility-impaired individuals with wheelchairs, and several openings are provided along the corridor to allow access between the two directions. The estimated capacity of each floor of the Masa'a is about 50,000 pedestrians, and the maximum density observed during the peak period is about 4 people per square meter. As shown in Figure 4b 
EXPERIMENTAL DESIGN
Several simulation experiments are performed to investigate the model's sensitivity to the different parameters that represent the three key aspects of evacuee behavior described in a preceding section (exit gate selection, update frequency, and congestion avoidance) under various overall demand levels. A summary of the results of these experiments is given in Table 1 .
The first set of experiments investigated evacuation performance under three overall demand levels, defined by the number of people in the facility as the evacuation starts, namely, 5,000, 15,000, and 25,000 evacuees. These demand levels are equivalent to 0.4, 1.2, and 2.0 people per square meter, respectively. Evacuees are assumed to be randomly and uniformly distributed over the facility at the time of evacuation. In this set of experiments, evacuees are assumed to choose their exit gate using the probabilistic utility model described in Equation 1, with coefficient values of {−1, 0} for {a, b}, which indicates that the attractiveness of an exit gate decreases linearly with its distance independently of the congestion prevailing in the neighborhood. The congestion perception factor is assumed to be 100%, implying that evacuees tolerate the congestion and do not mind moving toward spots where the surrounding density is 100% (i.e., fully occupied by other evacuees). Evacuees are assumed to update their exit gate choice every 60 s.
The second and third sets of experiments focus on the mechanism governing the evacuees' choice of exit destination. In the second set of experiments, evacuees choose their exit gates using the threshold approach. In other words, the closest destination with a density less than the defined threshold is selected. As described earlier, if none of the gates satisfies this condition, the closest gate is selected. Three density threshold values are tested in this experiment: 100%, 60%, and 20%. Note that all users are assumed to have the same threshold value in these experiments; naturally, users in the population at large are expected to be heterogeneous in this respect. However, such heterogeneity is ignored here to derive more direct insight into the effect of the density threshold on system behavior. In the third set of experiments, evacuees choose their exit gates using the probabilistic utility model. The coefficient of the walking distance variable is taken to be −1.0, whereas six different values are considered for the density coefficient. These values are 0.0, −0.2, −0.4, −0.6, −0.8, and −1.0 multiplied by the total length of the facility. The increase in the absolute value of the density coefficient indicates that evacuees place more weight on the congestion level prevailing at the gate, which determines the relative ease of actually getting out and less weight on the walking distance. In both experiments, the demand level is assumed to be 15,000 people (1.2 people per square meter). Again, the congestion perception factor is assumed to be 100%, evacuees are assumed to update their exit gate choice decisions every 60 s, and no heterogeneity across users is introduced.
The fourth set of experiments studies the sensitivity of the model results to the frequency with which evacuees are assumed to assess and update their decision regarding their exit gates. Four different time intervals are considered: 30, 60, 90, and 150 s. Shorter intervals correspond to a higher frequency of updating. In this experiment, evacuees are assumed to choose their gates using the utility model with the coefficients given in Table 1 . The demand level is assumed to be 15,000 evacuees, and the congestion perception and aversion factor is assumed to be 100%. Finally, the fifth set of experiments studies the effect of the congestion perception factor, with four different values being considered: 40%, 60%, 80%, and 100%. These values represent the percentage of occupied cells among the total number of cells in the neighborhood (considered to be 9.0 m 2 ) of the evacuee's target cell. As described earlier, an increase in the congestion perception and aversion factor indicates that evacuees are congestion seekers. In this experiment, the demand level is assumed to be 15,000 evacuees. Evacuees are assumed to update their exit gate choice decisions every 60 s. As in all these experiments, user heterogeneity is ignored in favor of gaining more direct insight into the effects of the parameters of interest.
Three main measures of performance are reported for each experiment: (a) the total time required to evacuate the facility, (b) the average walking distance for an evacuee, and (c) the average time required for an evacuee to exit the facility. In addition, the evacuation throughput is recorded over time to assess the efficiency of the evacuation process. In all experiments, the dimension of a cell in the CA system is taken to be 0.5 × 0.5 m. Tables 2 to 6 summarize the results of Experiments 1 to 5, respectively. In every experiment, a sample of 10 to 15 simulation runs is used, and only the average of all simulation runs is reported. Typically, to optimize the use of computation resources, longer simulation runs (such as the ones that have high demand levels) are repeated 10 times. Shorter simulation runs are repeated 15 times. All parameters are tested, and they are statistically significant at a level of 0.05. In Experiment 1, the performance of the evacuation process for three different demand levels is recorded. The results show that the total evacuation period and the average evacuation period (per evacuee) increase significantly as the demand in the facility increases (Table 2 ). Figure 5 depicts the evacuation throughput as the cumulative percentage of the total number of people exiting the facility over time. As shown in Figure 5 , the facility is totally evacuated in about 10 min at the lowest demand level. The total evacuation period increases to about 47 min for the highest demand level. One can also observe that the rate of evacuation varies with time. At the beginning of the evacuation process, the throughput is at its maximum when all the gates are fully used by the evacuees. At some time, the evacuation throughput starts to decline, implying that evacuees are not uniformly distributed over the exit gates. In other words, some of the gates are not used, whereas other gates have queues of evacuees. The time from which the evacuation throughput starts to decline until the end of the evacuation represents a period of inefficient evacuation. Inefficient evacuation could be attributed to the spatial distribution of the exit capacity in the facility and the level of awareness of evacuees of the surrounding conditions. Experiment 2 investigates the impact of the congestion threshold that evacuees consider when selecting their exit gate. Table 3 gives the main measures of performance for three different congestion threshold levels. Figure 6a shows the evacuation throughput under the same congestion threshold levels. As shown in Table 3 , no significant difference exists between the 100% and 60% congestion threshold levels. The total evacuation period is reduced by about 3 min, however, when the congestion threshold is reduced from 100% to 20%. The assumption that evacuees choose an exit gate only if it is not congested leads to a better distribution of the evacuees over the gates and, hence, results in a shorter evacuation period. This explanation is confirmed by the increase in the average walking distance when the density threshold is reduced to 20%, suggesting that evacuees are walking longer distances to seek better evacuation opportunities. The results in Figure 6a give the evacuation throughput over time.
RESULTS AND ANALYSIS

Random Utility Maximization Approach
When the small threshold value is considered, the throughput is, in general, higher than that with high threshold values (especially after 6 min and when the facility became less congested). The result of this experiment suggests that better evacuation performance can be achieved if the evacuees are trained during evacuation drills to choose an exit gate such that they consider both the traveled distances to the different gates and the level of congestion at these gates. Alternatively, information strategies might be considered to accomplish the same objective of guiding evacuees to less congested exit opportunities. The third experiment investigates the impact of the value of the coefficient of density in the utility function, as given in Equation 1 above. Five different coefficient values are investigated for the medium demand defined, as given in Table 1 . As the absolute value of the density coefficient decreases, evacuees place more weight on the walking distance and less weight on the congestion at the gate when selecting their exit gate. Table 4 shows the performance measures for evacuation for the different coefficient values. Figure 6b depicts the evacuation throughput for the different density coefficient values for the medium demand level. Comparison of the threshold approach and the utility maximization approach suggests that both mechanisms appear to provide reasonable descriptions of the dynamics of the evacuation process, with no significant difference in the total evacuation time of the facility between the two approaches being detected. However, the average walking distance and the average evacuation time (per evacuee) under the utility maximization approach are significantly higher than those obtained by use of the threshold approach. This difference could be because the probabilistic allocation under the random utility model results in some evacuees being directed to distant gates that might not normally be considered by the evacuee. This aspect could be circumvented by defining a choice set that excludes gates that fall beyond a certain distance threshold (this threshold value should be carefully considered to avoid infeasibility; that is, no gates are available within the specified threshold). Such an approach could be viewed as a hybrid of the two approaches considered, in which the first approach is used to define the set of reasonable paths and the second one determines the allocation to the various gates in the choice set.
The results of the random utility maximization approach indicate that the average evacuation time improves significantly when the density is included in the utility function with a coefficient value of −0.2 compared with the case in which density is not included. However, when more weight is placed on the density for selecting the exit gate, the average evacuation time and average walking distance increase. This result is logical, because some balance between walking distance and density at the gate when the evacuee selects the exit gate should exist. Dependence only on the walking distance in selecting the exit gate might lead to a scenario in which evacuees are crowding at the closest gates and empty gates within acceptable walking distance could be available. Dependence on the congestion level only at the gate, however, might result in evacuees seeking uncongested gates distant from their current locations while ignoring possible nearby gates with acceptable levels of congestion. The evacuation throughput curves for the three demand levels show that the most efficient evacuation scenarios occur when the density with a coefficient value of −0.2 is considered in the utility function, as shown in Figure 6b .
The fourth experiment investigates the impact of the frequency with which each pedestrian updates her or his selection of the exit gate. As mentioned above, three different interupdate time intervals (30, 90, and 150 s) are considered. Figure 6c depicts the evacuation throughput for the different decision update time intervals. Figure 6c shows that the decision update interval has a significant impact on the evacuation throughput and the total time required to evacuate the facility. Higher evacuation throughput occurs when evacuees update their decision on exit gates more frequently. For example, an evacuation period of about 16 min is recorded when evacuees update their exit gate every 30 s. A period of about 38 min is recorded for the scenario with a 120-s update interval. This decision update interval can further be viewed as the level of information on better exit opportunities that an evacuee receives. Providing the evacuees with updated information on better exit opportunities is expected to improve the overall performance of the evacuation process. Of course, careful attention should be given to the design of any information strategy implemented to ensure that evacuees are nearly optimally distributed across all gates. Simultaneously, the frequency with which information is provided should be designed to avoid an overreaction phenomenon in which most of the evacuees switch to the alternative gate, resulting in shifting the crowd from one gate to another. In the worst case, chaotic behavior in which evacuees are moving back and forth between gates could occur.
The last experiment investigates the effect of the evacuees' congestion tolerance on the overall evacuation performance. As described earlier, each pedestrian is assigned a parameter to describe her or his tolerance to congestion. This parameter is described as the percentage of the occupied cells among the total number of cells surrounding the individual. In this experiment, four different congestion tolerance percentages (100%, 80%, 60%, and 40%) are considered. Table 6 gives the different measures of performance for evacuation for these different scenarios. The results show that when evacuees are more sensitive to congestion (i.e., the congestion perception factor decreases), the average evacuation time increases. Evacuees are also willing to travel a greater distance to avoid congestion. For example, at 40% congestion tolerance, the average evacuation period and the average walking distance are recorded to be 4.88 min and 43.4 m, respectively. An evacuation period of 4.42 min and an average walking distance of 35.2 m are recorded under a congestion tolerance level of 100%. These results are confirmed by the evacuation throughput shown in Figure 6d , which shows that the evacuation throughput increases as evacuees become less tolerant to congestion. A lower congestion tolerance generally results in a better distribution of the evacuees in the facility and also around the gates, which explains the recorded improvement in the throughput.
SUMMARY
This paper presents a modeling framework for evaluating the performance of large-scale crowded pedestrian facilities during emergency evacuation. The framework adopts a microsimulation assignment approach that is implemented in a CA platform. It captures the different behavioral rules that govern the dynamics of evacuees' decisions, including exit gate choice, the paths to these gates, the frequency of updating of the exit gate choice, and the evacuees' tolerance to congestion. The framework is used to evaluate the performance of the evacuation of one floor of the Masa'a facility in Al-Haram Al-Sharif in Makkah, Saudi Arabia. This floor of the Masa'a has a capacity of about 50,000 pedestrians and frequently operates at extreme congestion levels. Several experiments were designed to investigate the impact of the different model parameters on the evacuation performance. The results illustrate the importance of the evacuees' behavior on the performance of the evacuation process. For example, the overall performance of the evacuation process can be improved if evacuees are trained to choose their gate better such that they weigh between the closeness of a gate and the level of congestion around that gate. Furthermore, when evacuees have the opportunity to learn about a better exit opportunity, either on their own or through a guidance system, they can frequently update their exit decision and the overall evacuation performance improves. In addition, the evacuation throughput generally improves as evacuees become less tolerant of congestion.
